[1] We report 157 closely spaced heat flow measurements along the Lucky Strike segment in the MidAtlantic Ridge (MAR) for ages of the ocean floor between 0 and 11 Ma. On the eastern flank of a volcanic plateau delimiting off-axis and axial domains, the magnitude of heat flow either conforms to the predictions of conductive lithospheric cooling models or is affected by localized anomalies. On the western flank it is uniformly lower than conductive model predictions. We interpret the observed patterns of heat flow by lateral fluid circulation in a highly permeable oceanic basement. The circulation geometries are probably 3-D rather than 2-D and are determined by the configuration of the basement/sediment interface and the distribution of effectively unsedimented seamounts where water recharge can occur. Two major hydrothermal circulation systems can possibly explain the observations off-axis: the first would involve lateral pore water flow from west to east, and the second would have a reverse flow direction. The wavelengths and magnitudes of heat flow anomalies require Darcy velocities of the order of 1-4 m/year, which are similar to those proposed for fast-accreted crust elsewhere. However, a large proportion of this MAR domain remains unaffected by hydrothermal cooling, which is a relatively unusual observation but confirms the validity of conductive thermal models for seafloor ages between 5 and 10 Ma. Closer to the ridge axis (<5 Myr old crust), water circulation affects the overall axial domain, as larger proportions of basement are exposed. As much as 80-90% of the heat flux from the axial domain may be transferred to the Lucky Strike vent field, in agreement with the estimated discharge.
Introduction
[2] Heat flow measured at the ocean floor has been the subject of many discussions regarding its relative importance with respect to that of hydrothermal flow in the upper crust near the ridge axis. The discrepancy between surface measurements and values predicted by conductive models such as Half-Space Cooling (HSC) or plate models [Sclater and Francheteau, 1970; Parsons and Sclater, 1977; Stein and Stein, 1992] indicate that hydrothermal circulation can redistribute heat flow in oceanic basins [Lister, 1972] . Heat flow values in young crust, presumably affected by such hydrothermal circulation, are mostly lower than or equal to the conductive values, and only rarely higher, suggesting that discharge areas may be focused at basement exposures where conventional heat flow measurements are not possible. Recent studies have confirmed such localized discharge at seamounts associated with high heat flow values [Davis et al., 1989; Thomson et al., 1995; Villinger et al., 2002; Fisher et al., 2003; Wheat et al., 2004] .
[3] However, the mechanisms and the magnitude of hydrothermal circulation are still a matter of debate. Statistical comparison between measured and theoretical heat flow has been used by Stein and Stein [1994] to assess that the process is important only in ocean floor younger than 65 Myr, after which heat would be primarily conducted, rather than advected, through the seafloor. The magnitude of the hydrothermal component has been determined at the same time by Pelayo et al. [1994] , on the basis of magma chambers and earthquakes depths at mid-ocean ridges. Nevertheless, there exist several sites where hydrothermal circulation has been deduced for ocean-floor older than 65 Myr [Embley et al., 1983; Von Herzen, 2004] , and conversely, others where heat flow lies close to values predicted by conductive cooling models for ocean floor younger than 65 Myr [Anderson et al., 1979; Langseth et al., 1988; Davis et al., 1999] . Other factors such as sediment thickness [Sclater, 2003] or density of seamount [Villinger et al., 2002] are probably as important as the age of the crust as an influence on hydrothermal ventilation.
[4] A robust alternative to characterize the importance of hydrothermal circulation relies on a combination of evenly spaced heat flow measurements and collocated seismic profiles along segments of the ocean floor. Several of these studies carried out at fast spreading ridges [Williams et al., 1974; Green et al., 1981; Davis et al., 1992; Villinger et al., 2002; Fisher et al., 2003] show that heat flow ranges between about 20-50% of the value predicted by conductive models when the age of ocean floor is older than 1-2 Ma. In the context of slow spreading ridges, where only a few such high resolution studies exist, there is off-axis evidence of hydrothermal circulation at 20 Ma [Langseth and Herman, 1981] and at 80 Ma [Embley et al., 1983] . Williams et al. [1977] have also reported heat flow measurements affected by hydrothermal circulation in close proximity to the ridge axis, at the termination of a ridge segment near the Famous transform fault and within the rift valley floor. This study may not be representative of the overall thermal state and hydrothermal circulation of a slow-spreading segment, as it is limited to one nodal basin.
[5] Since existing measurements are probably not representative of the overall thermal state of the Mid-Atlantic Ridge (MAR), additional measurements in other locations are still necessary for improved understanding. The LUCKYFLUX experiment was designed to carry out a high-density heat flow measurement survey in the vicinity of a slow-spreading segment, and in crust <10 Myr old where heat flow values predicted by the models vary most rapidly. 157 new measurements are used to evaluate the thermal regime of this slow-spreading segment, and the distribution of heat flow anomalies and quantification of hydrothermal flow in the upper oceanic crust.
Geological Framework
[6] The Lucky Strike segment and hydrothermal vent field are located along the Mid-Atlantic Ridge (MAR, 37-38°N) southwest of the Azores islands. This section of the ridge is influenced by the Azores hot spot and its activity since at least 25 Ma [Cannat et al., 1999; Gente et al., 2003] . As a consequence, this section of the MAR shows a regional topographic gradient, deepening away from the Azores islands (40°N), and associated with regional crustal thickness variations [Detrick et al., 1995] . This area is characterized by V-shaped ridges that are the result of the ridge/hot spot interaction [Cannat et al., 1999; Escartín et al., 2001] , which modified spatially and temporally the amount of crustal melting. The excess melt produced a thick crust (up to 14 km near Azores islands) and an associated elevated plateau of about 10-5 Ma in age. During the ridge/hot spot interaction, the tectonic activity was reduced (lack of normal faulting) but numerous seamounts were produced. Later on ($5 Ma), the plateau was rifted to form a series of ridge segments, including the Lucky Strike segment that hosts several hydrothermal fields, and ''normal'' seafloor spreading started again. The off-axis volcanic ridges are important physiographic features, locally rising to <300 meters below seafloor, that define a nearaxis domain (within the V-shaped ridges) and an offaxis domain (outside of the V-shaped ridges).
[7] The Lucky Strike vent field, located at the summit of a central volcano, is one of the loci of the MOMAR (Monitoring the Mid-Atlantic Ridge) research program, and the LUCKYFLUX experiment has been implemented in this framework to provide regional and local constraints to the hydrothermal vent field at the segment center.
Previous Heat Flow Measurements in the Atlantic
[8] Since the first Atlantic heat flow measurements published by Bullard [1954] in a deep oceanic basin offshore Ireland, a total of about 2500 additional measurements have been obtained (Figure 1a ). The first heat flow measurements in the near-axis domain recorded low values, which were interpreted at the time as precluding continental drift [Langseth et al., 1966] . Since that study, the number of near-axis measurements has not increased very much and in the last published heat flow compilation [Pollack et al., 1993] , there are less than 400 measurements in the MAR for age of seafloor between 0 and 10 Ma (62 in the southern hemisphere and 326 in the northern hemisphere). Most of the measurements in the northern hemisphere ( Figure 1b ) have been obtained in the vicinity of the Azores islands [Bullard and Day, 1961; Birch and Halunen, 1966; Phillips et al., 1969; Hyndman and Rankin, 1972; Kasameyer et al., 1972; Foster et al., 1974; Hyndman et al., 1976; Williams et al., 1977] . These data show a large number of low values and a large dispersion (Figure 2 ), which are common characteristics of hydrothermal perturbations. However, several studies have been carried out near fracture zones [Phillips et al., 1969; Kasameyer et al., 1972; Foster et al., 1974; Hyndman et al., 1976; Williams et al., 1977] where the extreme topography and the proximity to a segment end within the vicinity of an adjacent older plate may result in fluid circulation and an anomalous thermal regime.
[9] Because of the small number of near-axis values, the peculiar environments where they have been obtained and the rather old techniques involved, the data set quality in the Atlantic is probably not as good as for the Pacific spreading centers where recent measurements have been obtained [Davis et al., 1992; Villinger et al., 2002] . Therefore the LUCKYFLUX experiment, which represents more than 1/3 of all data previously acquired in the Atlantic for this age range and includes areas with thick sediment cover ($100 meters or more), can provide newer evidence to understand detailed heat transfer mechanisms of a slow spreading ridge system.
Distribution of Measurements and Data Processing
[10] Heat flow measurements ( Figure 3) were located along several seismic lines approximately parallel to the spreading direction ($N100E), in addition to a profile (profile AB) sub parallel to and nearly coincident with the 10 Ma isochron (An5). The seismic lines have been obtained during a previous survey (SUDAÇ ORES experiment [Cannat et al., 1999] ) and extend up to 165 km from the ridge axis with a spacing of about 8 km ( Figure 3 ). The seismic device consisted of two GI guns of 45/45 and 105/105 cubic inch capacities providing a broadband source, and a 6-channel streamer with a maximum offset of 450 m, and positioning was obtained with GPS throughout the cruise. The lines have been reprocessed for the present study, including the following steps: sorting into common midpoint gathers, predictive deconvolution to attenuate the first seafloor multiple, stacking (using a constant velocity of 1800 m/s), and water-velocity Stolt migration, which allow collapse of diffraction hyperbolae associated with strong scattering at the top of the oceanic crust. The resulting time sections have a lateral resolution of 25 m and a vertical resolution of about 30 m in the uppermost layer (sediments). Although the seismic source was not very powerful, the topography of the basement/sediment interface is satisfactorily imaged (Figures 6, 7, 8, 10, 11, and 12) . However, because of their spacing (8 km), interpolation of sediment thickness across these lines provides a map of low resolution only (Figure 8 ). Except profile AB, which is orthogonal to seismic lines, and profile OP, which is offset by 4 km, all other profiles are coincident with seismic lines. As both seismic and heat flow surveys were done using GPS navigation, the greatest uncertainty in the position of heat flow measurements and seismic profiles arises from that of the position of the heat flow probe with respect to the ship, and is estimated to about 100 m.
[11] Owing to time limitations, off-axis heat flow profiles (outside the V-shaped ridge) were only conducted on the East flank of the ridge (profiles AB, CD and OP), and extending to the outer limits of the volcanic plateaus that form the V-shaped ridges. The near axis profiles (within the V-shaped ridge) extend from the ridgeward limit of the Vshaped ridge toward the edge of the axial rift valley (EF and GH on the South-East and KL and MN on the North-West). The inner profiles have been carried out preferentially in the outer corner of ridge-non-transform offset intersections, where the sediment thickness is greatest.
[12] We used a $five meter long cylindrical probe with seven outrigger thermistors and line heaters, allowing in situ measurements of the temperature and the thermal conductivity of sediments [Von Herzen, 1987] . Deviation of the probe from vertical was determined from a micro-processor device combining tilt measurements in two orthogonal directions. The water pressure (depth) and temper- [Cannat et al., 1999] ature (T i ) variables were each sampled at 12 second intervals. The precision of temperature measurements obtained with this instrument exceeds 1 mK. The data acquisition sequence includes measurements of in situ temperatures during five minutes after probe penetration, followed by the temperature evolution during continuous heating of the sensor probes to determine thermal conductivity of the sediments. First, we calculate the equilibrium temperature at each thermistor by a linear extrapolation of the temperature evolution with the inverse of time so as to correct for the frictional heating induced by the penetration. Second, we determine the temperature gradient interactively by a linear best fit to the equilibrium temperatures calculated for each of the thermistors. Third, we determine the thermal conductivity at each thermistor and a site conductivity value. And fourth, we calculate the heat flow from the determined temperature gradient after tilt correction and from the site thermal conductivity. Each step is associated with an error analysis. The data reduction procedure is explained extensively by Bonneville et al. [1993] .
[13] Heat flow measurements have been systematically corrected for topographic and sedimentation effects. Topographic corrections are related to the perturbations caused by an uneven topography on the near-surface isotherms. Sedimentation corrections are related to the transient perturbation caused by the accumulation of cold sediments. More details on these corrections are given in Appendix A, but they are usually small, except where local relief is large. A heat refraction correction, related to conductivity contrast between sediment and basement, cannot be applied systematically because the resolution of seismic lines (separated each others by 8 km) is not sufficient, but it can be shown (see Appendix A) that some specific geometries and conductivity contrasts can create high amplitude and small-wavelength anomalies.
[14] Temperature gradients are mostly linear (Figure 4 ; all temperature and conductivity profiles are available at http://www.ipgp.jussieu.fr/ $bonneville/heat-flow/luckyflux/), which excludes significant seasonal sea-bottom temperature variations and/or percolation of fluids through sediments. However, as we recorded water-bottom temperatures, we can observe local anomalies on profile CD possibly related to local fluid venting (see details in Appendix A and Figure 6 ), but with no consequence on the gradient linearity at the site surveyed. À1 for N = 126 determinations), the error introduced in the calculation of heat flow should not be very important. The quality of the heat flow measurements is therefore good, and a maximum of 37 penetrations can be considered of lower quality owing to limitations on either the thermal gradient determination (fewer than 3 thermistors), the conductivity measurements (no in-situ values), or the excessive probe tilt (>25°for some of the measurements).
Results
[16] We present the results from the off-axis and near-axis domain independently, as they are separated by the volcanic plateaus associated with the propagating V-shaped ridges, over which no heat flow measurements were obtained. Owing to the differences in the nature and thickness of sediment, most heat flow penetrations were successful in the off-axis domain, whereas near-axis profiles are incomplete because of unsatisfactory probe penetrations.
Off-Axis Domain
[17] We obtained three profiles (Figure 3) , one parallel to isochrons (AB) and two in the orthog- 
Along-Isochron Profile
[18] Profile AB, nearly coincident with isochron 5 ($10.1 Ma) [Cannat et al., 1999] , shows large variations in heat flow with values ranging from <50 to >200 mW/m 2 ( Figure 3 ). Heat flow values are in good agreement with conductive models in the northern part, where the bathymetry is the shallowest. Toward the south, there is a broad 20-km wide heat flow minimum centered about 45 km (Figure 5 ), corresponding to a zone with thicker sediment cover. Sediment thickness shows two minima (30 and 55 km, Figure 5 ) that are each associated with a local heat flow high and low, respectively.
Along-Flow Line Profiles
[19] Profiles CD and OP extend from the eastern edge of the V-shaped ridge, and intersect the alongisochron profile AB further east (Figure 4 ). Only profile CD shows heat flow values that are close to the conductive models predictions over a 30 km section (110 to 140 km in Figure 6 ), while overall lower values are measured in proximity to the edge of the V-shaped ridge and at the crossing with profile AB in this same profile (140 km in Figure 6 ). Profile OP (Figure 7) shows instead overall low heat flow values relative to conductive models, except for the western extremity near the V-shaped ridge flank, where they tends to the conductive cooling models values. Local anomalous heat flow peaks are found at both profiles. The peak in profile OP (118 km, Figure 7 ) is associated with an adjacent basement outcrop immediately to the north, which is not imaged by the seismic profile offset by about 4 km from the heat flow line. Basement highs are also associated with short wavelength heat flow highs in profile CD at 104 and 133 km ( Figure 6 ). As discussed previously, high amplitude very short wavelength conductive anomalies are possibly associated with seamounts: it is therefore unlikely that such anomalies as those observed at 120 km on profile OP and at 105 km on profile CD are related to heat refraction only, but surely reflect convective ventilation.
Global Pattern
[20] The sediment map (Figure 8) , interpolated from the digitized sediment thickness along seismic lines, shows the relative differences between measured heat flow and the conductive cooling models. A large number of these values are not significantly different (within ±20%) from the conductive model. There exist also several positive anomalies (heat flow higher than the conductive predictions), generally with short wavelengths and two negative anomalies (heat flow lower than the Figure 6 . Heat flow measurements (uncorrected, red dots; corrected for topography and sedimentation, black diamonds), HSC conductive model (blue line), sediment thickness (green line), and seismic profile (sediment cover in yellow) as a function of distance to the ridge axis for profiles CD and GH. Bottom water temperatures are reported as purple crosses: They are remarkably uniform in the near-axis domain, while they show variations in the off-axis domain that could be related to similar variations of heat flow. Intersection with heat flow profile AB is located by the arrow on the seismic section.
conductive predictions) with greater wavelengths. Heat flow higher than surrounding values is observed in several places where basement ridges are buried (locations 1, 3, 6, and 10 in Figure 8) . In other cases, buried ridges are located where penetrations failed (locations 2 and 4 in Figure 8 ) and might correspond to similar anomalies. These features have however very short wavelengths ($1 km). Other features of much larger extension have on the other hand no relationship with sediment thickness: western ends of profiles CD and OP are in the same structural position, but heat flow is 75-100% lower than the conductive cooling model on profile CD where sediment thickness is greater and is rather normal with respect to this model on profile OP where sediment thickness is less important. A similar observation can be made at the intersection of profiles AB and OP, where sediment thickness cover appears complete and several hundred meters thick and heat flow is locally lower than surrounding values.
[21] However, spacing of seismic lines ($8 km) is probably too large for imaging small seamounts, such as that observed on line OP at 115 km ( Figure 7 ). Therefore we have reported the same heat flow anomalies on the detailed bathymetry map (Figure 9) , which can provide a detailed image of seamount structure and also extend the domain covered by seismic profiles. It becomes clear that the heat flow anomalies are all located near basement exposures, but conversely the latter are not necessarily associated with heat flow anomalies. The two largest anomalies are negative and located near large basement exposures: on the eastern flank of the volcanic plateau for profile CD and on the western side of a large seamount for profile OP (in the eastern corner of Figure 9 ). The positive heat flow anomalies are usually isolated, with two exceptions at 105 km on profile CD and at 120 km on profile OP.
Axial Domain
[22] We made four heat flow profiles in the axial domain (within the V-shaped ridge) along flow lines, where sediments are observed on seismic profiles (Figures 6, 10 , 11, and 12). All profiles are thus located along the Northwest and Southeast outside corners of the ridge-offset intersections, where the crust is more depressed and the sediment cover thickest (Figure 3) . However, probe penetration was poor, especially in the Northwest, owing to the different nature of the sediment cover and the presence of rocks or gravel that caused damage to the probe and the thermistors (only 3 successful measurements in Profile MN). All measurements except for one heat flow value at 25 km in profile KL ( Figure 11 ) are well below the conductive cooling model predictions (about 25% of the expected value). On profile HG (Figure 6 ), heat flow seems to increase again at 20 km from the volcanic plateau, in a way similar to that observed on the off-axis domain. It remains relatively low for profile EF, but presents systematic variations along the profile with a wavelength of 10-15 km beneath relative smooth basement, similar to those measured on the Juan de Fuca ridge [Davis et al., 1992] .
Discussion and Interpretation
[23] The effect of fluid circulation is the most likely cause for the heat flow anomalies described in the previous section, since other causes have been corrected for or are negligible. However, offaxis and near-axis hydrothermal systems are probably different, because of the rapid variation of basal heat flow and the different nature of sediment cover, which is either overall continuous or located on pockets over back-tilted blocks of faulted seafloor. This appears clearly in the nature of heat flow anomalies that are localized off-axis whereas they affect the entire near-axis domain.
[24] The pattern of heat flow anomalies on the eastern flank of the plateau (Figure 9 ) is consistent with discharge/recharge zones where basement is exposed, as proposed for observations at Juan de Fuca ridge [Davis et al., 1992 [Davis et al., , 1999 Stein and Fisher, 2003] . However, the pattern of circulation is probably not 2-D: for instance, the anomaly that appears near the plateau on profile CD does not exist on profile OP in the same along-axis position with respect to that structure. The distribution of data is however too sparse to infer a 3-D pattern and as a first approximation, we can only interpret heat flow anomalies along profiles. Negative heat flow anomalies on profiles CD and OP are possibly related to lateral flow in a permeable basement below impermeable sediments, where water recharges in the adjacent basement exposures. A quantification of the flow can be obtained with the simple ''heat exchanger'' model [Langseth and Herman, 1981; Fisher and Becker, 2000] . However, the two negative heat flow anomalies would suggest with this model opposite flow directions on profiles CD and OP. The structures that discharge these fluids are not as evident, but may correspond to the positive heat flow anomalies at 105 km on profile CD and 115 km on profile OP.
[25] The ''heat exchanger'' model can provide a simple analytical solution that relates the magnitude and wavelength of heat flow anomaly to the fluid velocity and the thickness of permeable basement. Inset of Figure 13 shows the geometry assumed by the model: a basement aquifer with thickness h and thermal conductivity l, overlain by a layer of impermeable sediment with thickness l and thermal conductivity l S . The conductive heat flow at base of the aquifer is q L . Temperature in the aquifer is assumed to be well-mixed, such that the perturbed heat flow is
The energy balance requires that the difference between conductive and surface heat flow is equal to the horizontal heat flow removed by fluids with a Darcy velocity v:
where rC is the volumetric specific heat of water.
[26] The solution giving the ratio of measured and conductive heat flow is
P e is the Peclet number defined by
The heat flow perturbation can be plotted therefore as a function of distance to the recharge zone, and compared to the model predictions for different parameters values. There is no constraint in the Lucky Strike domain on the thickness of the permeable basement layer, but permeability observed in deep boreholes decreases significantly at depths >500 m below seafloor [Fisher and Becker, 2000; Stein and Fisher, 2003; Spinelli et al., 2004] . Sediment thickness and thermal conductivity are constrained by local observations. Therefore, assuming that h = 500 m, l = 200 m and l S = 1 Wm À1 K À1 , Darcy velocity should be $1 m/year for profile OP and $4 m/year for profile CD to satisfy observations (Figure 13 ). These results are comparable to those at Juan de Fuca [Davis et al., 1999; Stein and Fisher, 2003] where the pattern of heat flow and the geometry of basement/sediment are more or less similar to that of profile CD.
[27] Stein and Fisher [2003] explored the necessary conditions for free flow with a numerical model that solves for coupled heat and fluid flow. The assumption of hydrostatic conditions necessarily leads to a flow driven toward the ridge axis, according to the topography of isotherms that represents the principal physical cause for instabilities. This is compatible with observations on profile OP only. A reverse flow is suggested for profile CD: this is similar to the pattern observed at Juan de Fuca and discussed by Stein and Fisher [2003] . They have obtained a reverse flow only with a condition of permanent cooling in the recharge zone, which is equivalent to imposing denser fluids in the topographic relief. The LUCKYFLUX results suggest that two different systems could coexist very closely and apparently with almost no interaction, but validation of this circulation model will require further constraints (additional heat flow measurements, geochemical data) and 3-D numerical modeling for the specific geometry and thermal conditions.
[28] All measurements near axis are less than the predicted conductive value, but profiles EF and HG, located on the edge of the volcanic plateau limiting off-axis and near-axis domains, show heat flow anomalies also compatible with a lateral flow from the ridge. The ''heat exchanger'' model applied to those two anomalies suggests flow of the order of 0.5-1 m/year for profile HG and up to 4 m/year for EF (Figure 13 ). The pattern of anomalies observed on profile EF (Figure 10 ) reveals in addition systematic variations at a wavelength of $10-15 km, which could indicate a system of organized convection cells, but would require very high permeability ($10 À10 m 2 ), according to the modeling by Spinelli and Fisher [2004] . Our results can be compared also to thermal models constrained by independent observa- tions such as the depth of earthquakes or magma chambers [Morgan and Chen, 1993; Pelayo et al., 1994; Chen and Morgan, 1996] , which integrate a heat balance between magma input and hydrothermal cooling. The model proposed by Chen and Morgan [1996] , which involves a Nusselt number (ratio between hydrothermal and conductive fluxes) of 8, is in a good agreement with our data (Figures 10, 11, and 12) . The overall hydrothermal heat loss in the sediment pockets where we made heat flow measurements could represent therefore between 80 and 90% of the total heat loss. If this value is representative, as the comparison with Chen and Morgan model suggests, of the diffuse heat loss in the Lucky Strike segment (assuming a rift valley floor of $15 km wide Â 100 km long), a total of $10,000 MW should be discharged at the axis. A part of the discharge is concentrated at hydrothermal vents with maximum flow rates of 0.05 m 3 /s [Lowell and Germanovich, 1994] . As temperature of Lucky Strike vents ranges between 172-325°C [Charlou et al., 2000] , we obtain an upper limit of 50 MW per vent (typically 1 MW, according to Lowell and Germanovich [1994] ), i.e., 2000-5000 MW for Lucky Strike vent field. As a part of the discharge could be dissipated off-axis and another part by diffusive processes near vent sites [Becker et al., 1996] , the magnitude of such vigorous circulation does not appear unreasonable. Additional vent fields unidentified to date may also exist [e.g., Wilson et al., 1996] , taking up part of the hydrothermal output.
[29] The observation that hydrothermal processes in the axial domain can transfer up to 90% of the heat flux, whereas it could be almost conductive off-axis is an important outcome of the survey. If this were a general characteristic for the MidAtlantic Ridge, it would mean that the importance of off-axis hydrothermal circulation has been overestimated in previous statistical analysis [Anderson and Skilbeck, 1981; Stein and Stein, 1994] . If not, it would mean that there are some other characteristics in the studied area limiting the effect of hydrothermal circulation: this could be partly explained by the sediment cover, but there is no straightforward relationship. The concept of ''hydrothermal sealing'' relies however on statistic considerations and might be biased by the nature of previous sites surveyed in the Atlantic. Many of them are located in ''unconventional'' environments (fracture zones, seamounts vicinity. . .): the same mode of reasoning applied to LUCKYFLUX data only would give a ''sealing age'' of $15 Myr instead of 65 Myr (Figure 14) , and on the other hand, there are several sites on oceanic basement where circulation has been identified.
Conclusions
[30] The LUCKYFLUX experiment provides more than 150 new heat flow measurements in a MAR segment. We can define two domains of hydrothermal circulation, one near-axis, with overall low heat flow values, and one off-axis, with a large number of heat flow values that are in agreement with conductive models (40% of heat flow values within ±20% of predicted values). These domains are separated by an important topographic structure (a volcanic plateau associated with a V-shaped ridge) that could act as a major component of the hydrodynamic system, where the lack of sediment allows this elevated and rough area to support crustal ventilation.
[31] 1. The axial domain is poorly characterized owing to problems in penetration of the heat flow probe, and to the uneven distribution of sediment. However, heat flow measurements can be interpreted in term of water flow driven from the flank toward the ridge axis. In some places, wavelengths of 10-15 km in surface heat flow, with no relation to basement geometry or sediment thickness, can suggest that large-scale hydrothermal circulation could be broken in smaller cells. Our results are generally in agreement with the Chen and Morgan [1996] model that predict a heat flux that is 90% hydrothermal.
[32] 2. The off-axis domain shows a complex surface pattern of positive and negative heat flow anomalies. Heat flow anomalies are mostly located near basement exposures, but basement structures are not always associated with anomalies. Smaller size characterizes positive anomalies, and two major negative anomalies of opposite geographic polarity can be defined. The first is located at the eastern flank of the plateau, which may imply heat moving from west to east. The second is located near a basement exposure at the east of the surveyed region, which may suggest a significant transfer from east to west.
[33] First-order modeling requires fluid velocities comparable to that proposed for Juan de Fuca (order of 1-10 m/year for 500 m of highly permeable basement). This suggests that the permeability structure is comparable in slow (MAR) and intermediate spreading-rate ridge environments. This is based on the interpretation of heat flow data with a simple aquifer model, and would of course needs further evidences (e.g., analysis of chemical spe- cies in presumed hydrothermal systems) and further modeling to explore the 3-D configuration.
[34] One important result of this study is that 40% of the off-axis measurements (and perhaps more in terms of area involved) are near the predicted conductive values. This suggests, in addition to observations of hydrothermal systems in old oceanic basement elsewhere, that the ''sealing age'' concept of Stein and Stein [1994] is mostly dependent on the nature of surveyed sites (sediment cover, density of seamounts, tectonic context. . .) rather than age alone and probably not directly relevant for the permeability structure of the crust.
Appendix A A1. Topographic Corrections
[35] The presence of irregular topography at the Earth surface can perturb the distribution of shallow depths isotherms, which are otherwise horizontal. A general consequence is that heat flow appears higher (lower) where depressions (highs) exist. Where accurate topographic information exists, systematic corrections can be determined. In the marine environment, it has rarely been applied because the resolution of available bathymetry is usually insufficient, although the effect can be important where canyons or seamounts exist. For example, large edge effects have been recognized in the vicinity of Congo submarine channel [Lucazeau et al., 2004] . A correction for non-level terrain proposed by Bullard [1940] assumes that the topographic variations are small enough that the temperature differences dT in the plane z = Àh 0 (elevation at the measurement location) are assumed linearly proportional to z:
where G is the undisturbed gradient in the ground and G 0 the temperature gradient in water. dT follows the Laplace equation, and can be continued downward:
We used the practical method proposed by Kappelmeyer and Haenel [1974] , and averaged the bathymetry on circular sectors around individual heat flow measurement location. We have chosen a 2-km diameter sector, and used available multibeam bathymetry gridded at 100 m. This correction is usually small (1-2%) but may reach (8%) when local relief exists near the measurement location (see Figure A1 and Table 1 ).
A2. Sediment Corrections
[36] Sediment deposited on the seafloor at initially uniform bottom water temperatures reduces the heat flow measured at the Earth surface compared to deeper values. The importance of the perturbation depends mostly on the sedimentation rate and duration, which can be estimated from the thickness of sediment and age of ocean floor both reported in Table 1 . Sedimentation or erosion is a classical problem of heat conduction in a moving medium [Carslaw and Jaeger, 1959, p. 387; Turcotte and Schubert, 1982, p. 174] , for which a simple analytical correction has been given by Von .
[37] However, this analytical solution does not include such important effects as variable sedimen- Figure A1 . Examples of applied corrections. (a) Average topographic profiles around stations with the highest positive (GH10-8) and negative (OP18-6) corrections. Corresponding digital elevation models around stations are displayed (box size is 3000 meters wide). (b) For the same stations, sedimentation corrections obtained with an analytical solution and numerical solutions (L&L [Lucazeau and Le Douaran, 1985] and H [Hutchinson, 1985] ) that include compaction of sediment, sediment heat production, and effects of compaction and temperature on sediment conductivity. Hutchinson's model includes effect of compaction fluids advection. tation rates, compaction and its effect on thermal conductivity, or the thermal interaction with basement for high sedimentation rates [Hutchinson, 1985; Lucazeau and Le Douaran, 1985; Von Herzen et al., 1989; Harris et al., 2000] . Numerical solutions can solve this problem, and algorithms have been proposed by Hutchinson [1985] and Lucazeau and Le Douaran [1985] . Although the two algorithms use different strategies and hypothesis, both give very similar results (within 0.5% of heat flow anomaly). Compaction is considered in both models as a function of porosity, which is assumed to decrease exponentially with depth. At the limit where surface porosity is equal to zero (no compaction), both models are in agreement with the analytical solution provided by Von . Corrections including compaction are up to three times higher than the analytical method ( Figure A1b ). This difference is related mostly to the thermal blanketing of sediment, which delays the dissipation of the perturbation, whereas the heat advection related to the fluid expulsion due to compaction is rather limited.
[38] Sediment thickness has been picked as twoway travel time (TWT) on seismic profiles acquired during a previous survey (SUDAÇ ORES). Heat flow profiles are on the trace of seismic lines, except for profiles AB and OP, for which the sediment thickness is interpolated from adjacent seismic data. The maximum TWT thickness reaches 0.7 s (Table 1 ) and, assuming a velocity range of 1500-2000 m/s, corresponds to a 525-700 m thick sediment cover. The heat flow correction due to sedimentation has been computed for the upper limit (2000 m/s), and is therefore a maximum estimate. Resulting sedimentation rates are therefore 30-40 m/Myr for off-axis profiles and can reach 100-150 m/Myr for some profiles in the axial domain. These sedimentation rates are local rates and have obviously no significance on a regional scale. They can affect however the magnitude of heat flow by 5% (with a maximum of 15%) when the compaction is included (assuming surface porosity = 0.7, compaction length scale = 2000 m and bulk surface conductivity = 1 Wm
A3. Heat Refraction
[39] The contrast of conductivity between sediment ($0.8-1 W/m/K) and basalt ($1.5-2.5 W/mK) [Clauser and Huenges, 1995] can potentially contribute to a lateral heat transfer. This heat refraction effect, which has been shown to be important in some specific environments [Nagihara et al., 1992] , could generate small wavelength anomalies such as that observed on profile OP or profile CD, where the basement shows a high bounded by two lows. Von Herzen [2004] has discussed some aspect of heat refraction for buried structures in the old ocean crust. In the present study, we have several measurements near small seamounts, which may cause different perturbations. These seamounts appear sometimes in the highresolution bathymetric map, but not on seismic profiles that have a larger spacing than the wavelength of the seamounts. A systematic correction is therefore difficult, but the expected magnitude of heat refraction can be modeled for simple geometries. We prescribed Gaussian-shape structures onlapped by sediments (inset of compaction fluids advection.
[40] Figure A2 : This is convenient to test the wavelength and amplitude variations. The heat equation was solved with a 2-D finite element code for a stationary regime, constant heat flow at 5 km depth, and no heat flow through the vertical boundaries. The mesh includes 200 * 20 4-nodes isoparametric elements. When the structure is at the same level as the sediment, there is a smooth increase of heat flow with a maximum at the structure center, which depends on basement wavelength, contrasts of conductivity between basement and sediments, thickness of sediments.
[41] Figure A2a : For the most realistic sets of parameters, the effect does not exceed 50% (Q/ Q 0 < 1.5). However, when the basement emerges from the sediment, there is a very short wavelength ($0.1 a) high amplitude anomalies (2-4 times Q 0 ) at the transition between basement and sediment. Heat refraction cannot be excluded where isolated positive anomalies are observed, but water discharges appear more likely where several consecutive measurements exist (e.g., profile CD at 105 km and profile OP at 118 km).
A4. Temporal Stability of Bottom Water Temperature
[42] The accuracy of heat flow measurements obtained with shallowly penetrating probes depends strongly on the bottom water temperature stability. Davis et al. [2003] (Table 1) show remarkable trends. In the axial zone, they are significantly higher (around 4°C) and do not vary importantly with depth. This relative stability has been interpreted by Thurnherr et al. [2002] as consequence of the confined axial domain and high geothermal heat flow area. Offaxis, water temperatures decrease with increasing depth as may be expected for a stably stratified ocean, with the exception of a few locations on profile CD, which surprisingly coincide with edges of heat flow anomalies where bottom water temperatures increase significantly with no important change in-depth (see in Table 1 stations 6-5, 6-8, 6-16, and 8-1 and Figure A3 ). These locations could 
